Peripheral nerve injury causes sensory dysfunctions that are thought to be attributable to changes in neuronal activity occurring in somatosensory cortices both contralateral and ipsilateral to the injury. Recent studies suggest that distorted functional response observed in deprived primary somatosensory cortex (S1) may be the result of an increase in inhibitory interneuron activity and is mediated by the transcallosal pathway. The goal of this study was to develop a strategy to manipulate and control the transcallosal activity to facilitate appropriate plasticity by guiding the cortical reorganization in a rat model of sensory deprivation. Since transcallosal fibers originate mainly from excitatory pyramidal neurons somata situated in laminae III and V, the excitatory neurons in rat S1 were engineered to express halorhodopsin, a light-sensitive chloride pump that triggers neuronal hyperpolarization. Results from electrophysiology, optical imaging, and functional MRI measurements are concordant with that within the deprived S1, activity in response to intact forepaw electrical stimulation was significantly increased by concurrent illumination of halorhodopsin over the healthy S1. Optogenetic manipulations effectively decreased the adverse inhibition of deprived cortex and revealed the major contribution of the transcallosal projections, showing interhemispheric neuroplasticity and thus, setting a foundation to develop improved rehabilitation strategies to restore cortical functions.
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recovery | amputation A lthough 20 million Americans suffer from peripheral nerve injury caused by trauma, metabolic, endocrine, and autoimmune disorders, there are few strategies to promote recovery. Surgical nerve repair and training of the injured limb are the classical rehabilitation approaches. Nevertheless, the clinical outcome in adults is generally poor, with persisting sensory dysfunction and pain (1) .
Recent evidence suggests that sensory dysfunctions caused by nerve injury should be attributable not only to the functional, cellular, and biochemical events occurring in peripheral nerve but also functional and anatomical changes occurring in cerebral cortical representations. It is well-documented in humans (2), non-human primates (3), cats (4) , and rodents (5-7) that peripheral nerve injury can lead to expansion of neighboring cortical representation of peripheral regions within the affected (deprived) hemisphere (intrahemispheric neuroplasticity). Peripheral nerve injury and direct cortical lesions have been shown to also modify functional communication between cortical hemispheres (interhemispheric neuroplasticity) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Specifically, peripheral inputs normally evoking neuronal responses in the contralateral hemisphere cause inappropriate functional responses in the ipsilateral hemisphere. Previously, using singleunit electrophysiology recordings and juxtacellular labeling, it was shown that the inappropriate ipsilateral functional magnetic resonance imaging (fMRI) responses observed in deprived primary somatosensory cortex (S1) were accompanied by an increase in activity of inhibitory interneurons (20) . Moreover, ablation of the healthy S1 completely eliminated fMRI responses in the deprived S1 when the intact limb, ipsilateral to the deprived S1, was stimulated (21) . Therefore, it appears that peripheral nerve injury evokes an increase in inhibitory activity in the deprived cortical areas, which is mediated by the transcallosal pathway. Indeed, there are ongoing efforts to modify transcallosal activity in patients suffering from peripheral nerve injury. For instance, improvement in tactile discrimination of the injured hand was found after decreasing afferent inputs from the intact hand using constraint induced therapy (CIT) (22) , using nerve blocking (23) , and directly inhibiting neuronal networks through transcranial magnetic stimulation (TMS) (24, 25) . Still, these rehabilitation approaches are neither precise nor neuronalspecific, and they cannot be repeated often. Moreover, it is not clear what neuroplasticity mechanisms are being targeted by these techniques.
The goal of this study was to develop a strategy to manipulate and control the transcallosal activity to facilitate appropriate plasticity by guiding the cortical reorganization in a rat model of sensory deprivation. We used optogenetic technologies that offer precise and transient control of the firing rates of a specific population of neurons (26, 27 ) to achieve modulation of the neuronal activity in the healthy, unaffected hemisphere. Recently, optogenetic approaches have been used to investigate and probe various neuronal circuits in rodents, such as the transcallosal pathway (28) , epileptic activity in the hippocampus and cortex (29) , and Parkinson's disease (30) . Optogenetics was also applied in primates with the goal of replacing microelectrode stimulation (31) .
Since transcallosal fibers originate mainly from excitatory pyramidal neurons somata situated in laminae III and V (32) (33) (34) (35) , the excitatory neurons throughout the rats S1 were engineered to express halorhodopsin (eNpHR), a light-sensitive chloride pump. Illumination of eNpHR by a specific wavelength of light triggers neuronal hyperpolarization (i.e., decrease in neuronal firing rate). To infect a large population of excitatory pyramidal neurons throughout the cortex, a lentivirus encoding to eNpHR (LentiCaMKIIα-eNpHR-EYFP-WPRE) was injected into the lateral ventricle of 3-d-old pups (36) . Permanent denervation procedures on the right forepaw (21) were performed on 7-wk-old rats expressing eNpHR. Nondenervated rats expressing eNpHR served as controls. Three to four weeks after denervation, an optic fiber coupled to a 594-nm wavelength laser was mounted directly over the exposed craniotomy window above the right S1, and the neuronal activity of the healthy cortex (contralateral to the intact limb) was optogenetically manipulated. Multimodal in vivo techniques were applied to evaluate functional responses in the deprived S1 from the single neurons to large somatosensory network levels.
Results
A diagram of the experimental paradigm is shown in Fig. 1A . Immunohistochemistry was performed on brain slices obtained from all of the rats in this study (Fig. 1B) . On average, 15% of all of the cells located within S1 that were identified with nuclear staining DAPI, which stains for both neurons and glia nuclei, were positively stained with both antienhanced YFP (EYFP; indicative of eNpHR expression) and anticalcium/calmodulindependent protein kinase IIα (CaMKIIα; a marker of excitatory pyramidal neurons). Because neurons consist of ∼63% of all cells in the rat somatosensory cortex (37) and pyramidal neurons consist of ∼80% of all neurons (38) , specific expression of eNpHR was found in 29% of the pyramidal neurons population.
Single-Unit Responses. The effects of forepaw electrical stimulation and illumination of eNpHR (i.e., optical activation of eNpHR) on neuronal responses were investigated in control and denervated rats expressing eNpHR in their excitatory cortical neurons. Tungsten electrodes were slowly advanced through the right and left S1, and the extracellular firing rates of well-isolated spontaneously firing neurons were tested in response to contralateral and ipsilateral forepaw electrical stimulation and/or illumination. A total of 155 neurons from control (53 neurons, n = 5) and denervated (102 neurons, n = 5) rats were isolated. Increases in spiking responses induced by forepaw electrical stimulation (>2 SDs in the first 20 ms after stimulation onset) were determined for each of the isolated neurons (Table S1 ). Increases and decreases in firing rates induced by 30 s of continuous illumination of eNpHR and illumination in conjunction with forepaw electrical stimulation were tested as well. Consistent with previous reports (27) , the eNpHR-mediated inhibition was found to be stable and effective over 30 s. Ten percent change in firing rate induced by 30 s of continuous illumination of eNpHR compared with 30 s of spontaneous firing rate was considered significant. Lamina-specific responses of neurons and the average change in firing rates under each condition in control and denervated rats are shown in Tables S2-S4 . Because studies have shown that the transcallosal fibers form synapses on both excitatory and inhibitory neurons (39), we further aimed to determine the identity of the specific neuronal population that responded to forepaw electrical stimulation and/or increased or decreased their firing rates in response to illumination of eNpHR. One method of characterizing neurons is by the width of their action potential (AP), because it was previously shown that the durations of the second phase of the AP (i.e., refractory phase) of pyramidal neurons are longer than interneurons (20, (40) (41) (42) , which are mostly inhibitory (43) . Examples of firing rates of long AP duration neurons located in the deprived S1 of the denervated rat under the different conditions are illustrated in Fig. 1C .
In control rats, 78% of 28 isolated neurons in S1 responded to contralateral electrical stimulation. All of these neurons had long AP durations (>0.5 ms) and were located in the granular lamina IV and the infragranular laminae V and VI. Only a single neuron responded to ipsilateral forepaw electrical stimulation. Illumination of eNpHR of the right S1 by itself resulted in increases in firing rates of 17% and decreases in firing rates of 42% of neurons in the right S1 (ipsilateral to illumination and contralateral to forepaw electrical stimulation). All of these neurons exhibited long AP durations and were located in laminae IV, V, and VI. The firing rates increased in 68% and decreased in 16% of 25 neurons isolated in S1 contralateral to illumination. The majority of the neurons that increased their firing rate (69%) exhibited long AP durations and were located in laminae IV, V, and VI. Thus, in control rats, illumination of eNpHR affected the firing rates of neurons located within the light-stimulated S1 as well as the contralateral S1. Illumination of eNpHR combined with forepaw electrical stimulation did not change the tendency of the neurons to increase or decrease their firing rate compared with illumination of eNpHR alone.
In forepaw-denervated rats, 71% of 48 isolated neurons in the healthy S1 responded to contralateral intact forepaw electrical stimulation. The majority of these neurons (88%) had long AP durations and were located in laminae IV, V, and VI. Intact forepaw electrical stimulation also resulted in increases in firing rates of neurons in the deprived S1 ipsilateral to forepaw electrical stimulation (38%, 54 total neurons). Consistent with previous studies (20) , the majority of these responding neurons exhibited short AP durations (<0.5 ms) and were located in the laminae V and VI (66% and 87% of responding neurons, respectively). These findings suggest that, through a neuroplasticity mechanism that involves up-regulation of inhibitory interneuron activity, input from the intact limb results in overinhibition of the deprived S1.
The firing rates of 10% and 56% of neurons located within the right healthy S1 increased and decreased, respectively, by illumination of eNpHR. The majority of these neurons (75%) exhibited long AP durations and were located in laminae IV, V, and VI. Illumination of eNpHR of the healthy S1 resulted in increases in firing rates of 61% and decreases in firing rates of Fig. 1 . Electrophysiology shows increased excitatory neuronal activity within the deprived S1 by illumination of eNpHR. (A) A diagram illustrating the experimental design (S1, primary somatosensory cortex; FP, forepaw). (B) Examples of neurons within S1 immunostained with antibodies targeted to EYFP (indicative of eNpHR expression) and CaMKIIα (marker of excitatory pyramidal neurons). (C) Five spike trains obtained from five individual neurons exhibiting long action potential (AP) durations (>0.5 ms) located within lamina V of the deprived S1 in denervated rats. Compared with the spontaneous firing rates (rest) and firing rates in response to intact forepaw electrical stimulation alone, illumination of eNpHR of the healthy S1 combined with intact forepaw electrical stimulation induced increases in the firing rates of long AP duration neurons (i.e., excitatory pyramidal cells). (D) Examples of current source density maps obtained from S1 ipsilateral to intact forepaw electrical stimulation show that illumination of eNpHR of the healthy S1 leads to increases in the inward currents (sink; i.e., excitation) in the deprived S1 of the denervated rats.
11% of neurons in the deprived S1 contralateral to illumination. However, illumination of eNpHR of the healthy S1 combined with intact forepaw electrical stimulation resulted in increases in firing rates of 31% and decreases in firing rates of 29% of neurons in the deprived S1 (contralateral to illumination and ipsilateral to intact forepaw electrical stimulation). One-half of the neuronal population that increased or decreased its firing rate exhibited long AP durations and was located in laminae III-VI. In addition, greater decreases in the percent changes in firing rates (as calculated according to the spontaneous firing rate) were observed in short AP durations compared with long AP durations neurons (Table S4) . Thus, illumination of eNpHR of the healthy S1 combined with intact forepaw electrical stimulation caused (i) greater increases in firing rates of excitatory pyramidal neurons (long AP durations) and (ii) greater decreases in firing rates of inhibitory interneurons (short AP durations) within the deprived S1 compared with neuronal responses observed as a result of forepaw electrical stimulation alone.
Local Field Potential. Local field potential (LFP) responses to forepaw electrical stimulation and to illumination of eNpHR combined with forepaw electrical stimulation were acquired in equally spaced cortical depths ranging from 50 to 1,850 μm below the pia matter. Current source density (CSD) analysis of stimulusinduced LFP responses [according to Mitzdorf (44) and Mitzdorf and Singer (45) ] was applied to identify the net transmembrane currents reflecting the neuronal inputs and outputs of S1. Specifically, CSD analysis distinguishes between inward (sink) and outward (source) neuronal currents that are thought to reflect excitation and inhibition, respectively. The laminar CSD pattern of S1 contralateral to forepaw electrical stimulation (alone or combined with illumination of eNpHR) was generally similar for the control and forepaw-denervated rats groups, where the onset of the inward currents initiated in lamina IV and extended to the supragranular and infragranular laminae. However, the CSD pattern of the deprived S1 ipsilateral to forepaw electrical stimulation showed increases in inward currents in lamina IV and infragranular lamina V by illumination of eNpHR. These results are consistent with the single-unit recordings that showed increased activity of excitatory neurons in laminae V and VI within the deprived S1 by illumination of eNpHR (Fig. 1D ). Significant changes of the average CSD sink and source values are shown in Table S5 for control (n = 5) and denervated (n = 5) rats (Z test analysis with effective significance of P < 0.05).
Cerebral Blood Flow Responses. The electrophysiology measurements provided detailed characteristics of the behavior and identity of the neurons located in S1 of the denervated rats. However, only a small population of neurons could be sampled because of the nature of the method. Therefore, we aimed to determine if there is an increase in cerebral blood flow (CBF) responses associated with the increase in the firing rates of neurons within the deprived S1 of the denervated rats as a result of illumination of eNpHR. CBF responses were investigated in control (n = 5) and denervated (n = 5) rats expressing eNpHR by the method of laser speckle contrast imaging (LSCI), which is a minimally invasive imaging modality that offers functional information from the vasculature with high spatiotemporal resolution and does not require contrast agent delivery (46) (47) (48) . The average magnitude of the CBF responses was measured from a 400 × 400-μm region of greatest interest; this region was selected around a cluster of 10 pixels that exhibited the highest changes in magnitude (Z test analysis with effective significance of P < 0.05). Examples of CBF responses Z map, time courses of the CBF responses from individual rats, and group analysis are shown in Fig. 2 .
The magnitude of the CBF responses to ipsilateral intact forepaw electrical stimulation within the deprived S1 was significantly increased by illumination of eNpHR of the healthy S1 compared with forepaw electrical stimulation alone (P < 0.05). This increase in CBF in the deprived S1 concurs with the neuronal firing rates and LFP responses observed in the forepawdenervated rats. The averaged values of the CBF responses amplitudes are shown in Table 1. fMRI Responses. Finally, we measured if the decreases in the overinhibition of the deprived S1 in denervated rats caused by transcallosal manipulations by illumination of eNpHR were sufficiently robust to be visualized in a noninvasive manner. Blood oxygenation level-dependent (BOLD) fMRI responses were assessed in control (n = 5) and denervated (n = 5) rats expressing eNpHR in a 9.4-T horizontal animal scanner, which permitted high spatial (150 × 150 × 1,000 μm) and temporal (1,000 ms) resolution. A custom-built MRI holder was equipped with a dedicated device for positioning the optic fiber to transmit the illumination. For each condition (left forepaw electrical stimulation with and without illumination of eNpHR of the right S1), the number of activated pixels (P < 0.05) was calculated across three 1-mm-thick slices representing S1. Fig. 3 shows BOLD fMRI activation Z map of individual control and denervated rats overlaid on high-resolution anatomical MRI images [Bregma 1.5 mm according to Paxinos and Watson (49)] and group statistics.
The extent of the BOLD responses to ipsilateral intact forepaw electrical stimulation within the deprived S1 significantly increased by illumination of eNpHR of the healthy S1 compared with forepaw electrical stimulation alone (P < 0.05). These results are consistent with the findings obtained by the earlier electrophysiology recordings and CBF measurements. The averaged values of the BOLD activation extent are shown in Table 1 .
Discussion
Human (2) and animal (17, 18) studies have shown that distortions of the cortical representation occur within minutes after nerve injury, suggesting a neuroplasticity process that involves unmasking of previously present but functionally inactive synaptic connections. Essentially, this process changes the balance between excitation and inhibition, a change that is reflected in altered neuronal responses in the deprived cortex, which can persist for weeks and months after injury. Modifications in synaptic transmission, yielding increased excitability in sensory and motor cortical representations both contralateral and ipsilateral to the injury, are an important neuroplasticity mechanism underlying cortical reorganization. For example, the extent of the somatosensory cortex reorganization after nerve injury was reduced after systemic administration of NMDA antagonist (50, 51) and was tightly correlated to NMDA receptor-mediated plasticity (52) . Increases in cortical excitability were also shown to be accompanied by increases in AMPA receptor autoradiographic binding (53) and decreases in GABA staining in the deprived S1 (53, 54) . Moreover, increases in motor-evoked potential in the motor cortical representations contralateral and ipsilateral to the nerve injury in human subjects were blocked after administration of GABA agonists (24) .
Other studies showed that sensory deprivation can lead to increases in inhibition of neuronal circuits through either longterm depression of excitatory intracortical synapses (55) or potentiation of inhibitory synapses (56) . Additional evidence indicates that the increase of inhibitory neuronal activity in the deprived cortex may be the foundation of the poor recovery and pain observed in patients suffering from nerve injury (24, 25, 57) . Moreover, previous studies suggested that these evoked increases in inhibitory activity are mediated through the transcallosal pathway (20, 21) . The overinhibition of the deprived cortex may be adversely affecting recovery and repair by two pathways. First, the lack of excitatory cortical output from the deprived S1 may be delaying recruitment of subcortical pathways that could potentially aid in compensation (58) . Second, changes in the cortical-cortical communication may interfere with normal neuronal processing in the healthy cortex (1). An emerging concept in rehabilitation is guided neuroplasticity, where the dynamic potential of neuroplasticity mechanisms is used clinically to strengthen or promote specific cortical functions (59). In our study, an optogenetic approach was used to induce such neuroplasticity by guiding and reshaping the transcallosal pathway activity that underlies cortical reorganization after nerve injury. The results show that optogenetic manipulation of the transcallosal pathway concurrent with electrical stimulation induced a substantial effect on neuroplasticity and cortical processing. This effect could be visualized with high-resolution electrophysiology and optical imaging by LSCI method as well as noninvasive fMRI.
We introduced the viral vectors into the cerebral lateral ventricles in the developing brain, because it has been shown to be an effective method to achieve widespread gene delivery in cortical and subcortical structures (36) . The lentivirus intraventricular injections yielded successful eNpHR expression in approximately one-third of all pyramidal neuron population located within S1, which in consequence, elicited substantial affects on neuronal responses due to transcallosal modulations. Nevertheless, an improved method to introduce viral vectors that could infect a larger cell population might result in even greater affects on neuronal responses.
The results show that forepaw denervation altered the balance between excitation and inhibition in the deprived cortex and resulted in overall increases in inhibitory interneurons activity. Because it is evident that the molecular basis of cortical reorganization after peripheral nerve injury involves dynamic cross-talk of several synaptic mechanisms, it is likely that both increases in intracortical excitation and inhibition processes were involved. The loss of the excitatory thalamic input in the deprived hemisphere contralateral to the injured limb could have led to the emergence of inputs originating from the transcallosal The averaged values (± SEM) are shown for control and denervated rats in primary somatosensory cortex (S1) contralateral and ipsilateral to forepaw (FP) electrical stimulation with or without illumination of eNpHR over the right healthy S1. *P < 0.05. † P < 0.005. Fig. 3 . fMRI shows increased BOLD responses within the deprived S1 by illumination of eNpHR. (A) In denervated rats, illumination of eNpHR of the healthy S1 induced increases in BOLD fMRI responses in the deprived S1 ipsilateral to intact FP stimulation. Z maps (P < 0.05) are overlaid on the anatomical images. (B) Group average of the BOLD fMRI response spatial extent in S1 contralateral (C) and ipsilateral (I) to forepaw electrical stimulation in control (n = 5) and denervated (n = 5) rats with or without illumination of eNpHR (*P < 0.05).
projections that have a minor contribution to cortical processing under normal conditions. Indeed, the single-unit and LFP responses showed that temporarily silencing the firing of excitatory pyramidal neurons located within the healthy S1 by illumination of eNpHR facilitates increases in the excitatory and decreases in the inhibitory, neuronal activities in the deprived S1. These effects were found in the supragranular and infragranular laminae, which is in agreement with the known anatomy of transcallosal projections (32, 33, 39) . Because of the penetration characteristics of light into brain tissue, it is plausible that the primary affect on neuronal responses was mediated through the transcallosal projections originating in lamina III of the healthy S1. The firing rates of excitatory and inhibitory neurons located in the granular lamina were altered as well, suggesting that the modified neuronal activity in the infragranular laminae had a considerable affect on neuronal activity throughout the cortical laminae. Neurons in laminae VI of S1 also project to the ventral posterior lateral nucleus of thalamus (VPL). Therefore, it is conceivable that the modification in neuronal activity in lamina VI could have led to an increase in the deprived hemisphere VPL input that projects mainly on the excitatory pyramidal neurons located within the granular lamina. Indeed, excitatory pyramidal neurons have long-range axons, they form thousands of synapses with proximate and remote neurons, and their activity generates prominent excitations that drive cortical processing as well as subcortical output (60) . In addition, pyramidal neurons are capable of affecting vascular responses by release of vasoactive substances (61, 62) , an attribute consistent with our CBF measurements. Alterations in the neuronal firing rates exhibited by excitatory neurons and inhibitory interneurons in the deprived S1 led to a marked increase in excitatory cortical activity and correspondent CBF increases. Finally, the overall increases in excitatory neuronal activity were also reflected in the fMRI responses, strengthening the notion that fMRI can provide an appropriate platform to investigate the affect of optogenetic manipulations on the behavior of large neuronal networks (63) .
Overall, these results elucidate the neuronal substrates and neuroplasticity mechanisms that mediate the altered functional responses observed in the bilateral cortical somatosensory representations. These findings could be directly translated into clinical applications in terms of improving rehabilitation strategies, which are based on bilateral cortical manipulations to achieve transcallosal modulations such as with CIT and TMS.
Materials and Methods
All animal procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Johns Hopkins University Animal Care and Use Committee.
Virus Preparation. Lentivirus production and transduction were performed using the method by Gradinaru et al. (30) . Forepaw Denervation. Seven-wk-old rats expressing eNpHR underwent excision of the right forepaw radial, median, and ulnar nerves as reported previously (21) .
Craniotomies and Stimulation. Electrophysiology, optical imaging, and fMRI measurements were performed on 10-to 11-wk-old rats. The anesthetized rat's head was fixed in a stereotaxic frame (Kopf). A 0.5-mm region of the skull was thinned over the right and left S1 centered at AP = 1 mm and ML ± 3.6 mm. Respiration rate, PO 2 , and heart rate were continuously monitored throughout all measurements (Starr Life Sciences Corp.). Illumination of eNpHR was performed on the right S1. A 10-ft-long optic fiber (400 μm diameter) was used to deliver continuous 594-nm laser light (Thorlabs) during electrophysiology, optical imaging, and fMRI measurements. The output light intensity was 16 mWmm −2 . Electrical stimulation of the forepaw consisted of 3 mA 300-μs pulses repeated at 3 Hz for 30 s (electrophysiology) and 20 s (optical imaging and fMRI). In agreement with previous studies (16, 64) , forepaw electrical stimulation at 9 Hz elicited consistent and robust fMRI responses compared with forepaw electrical stimulation at 3 Hz.
Electrophysiology. Rats were anesthetized with urethane (1.25 g/kg i.p.), and 350-KΩ tungsten electrodes were placed above the center of the right and left somatosensory forepaw representations (according to Paxinos and Watson) (49) and lowered to the target depths by using micromanipulators (FHC). Extracellular single-unit and LFP recordings were obtained simultaneously (FHC). Starting at the cortical surface, spiking activity and LFP recordings were conducted in 150-μm increments until 1,900 μm. When a spike from a single neuron was identified, additional measurements of spiking activity and LFP were performed. Spikes and LFP were sampled at 25 KHz and 1,000 Hz, respectively, and bandpass-filtered between 300-5,000 Hz and 0.1-500 Hz, respectively. Discriminated signals were collected with a Cambridge Electronic Design (CED) interface and Spike2 data acquisition and analysis software. Spike sorting was conducted by principal component analysis. LFP waveforms were averaged with respect to the stimulation triggers. CSD maps were generated according to the methods of Mitzdorf (44) and Mitzdorf and Singer (45) . The SD of the CSD values was calculated for each CSD map. Significant changes in the CSD sink and source values during forepaw electrical stimulation with or without illumination of eNpHR were determined using Z test (P < 0.05) with a threshold equal to 2.25 × SD.
Optical Imaging. Craniotomies of 4 × 5 mm over the right and left S1 were performed under isoflurane anesthesia. A 632-nm laser (0.5 mW; JDSU) provided coherent illumination for speckle imaging. Images were acquired using an 8-bit Basler camera (Basler Vision Technologies) with a 60-mm f/2.8 macrolens (Nikon). A D620/30-m filter (Chroma) was used to block the 594-nm wavelength from entering the camera. Images were acquired continuously at a rate of 25 frames per second (fps), with an exposure time of 5 ms. Five sets of data from 20 s of baseline activity followed by 20 s of forepaw electrical stimulation with or without additional illumination of eNpHR were recorded. Raw speckle images were coregistered, and the contrast was calculated according to the method by Li et al. (48) . Activation maps were obtained using two-tailed Z tests (P < 0.05) with an activation threshold set to 3.5 and a cluster size of >10 pixels.
fMRI. After craniotomy procedures, a bolus of dexmedetomidine (0.05 mg/kg s.c.) was given, and anesthesia was then maintained by a continuous infusion (0.1 mg/kg) (16, 64) . Images were acquired on a 9.4-T (Bruker) animaldedicated MRI system. A custom-built 1.1-cm-diameter surface coil was used to transmit and receive MR signals. A single-shot, gradient echo, echo planar imaging sequence was used with the following parameters: effective echo time = 21 ms, repetition time = 1,000 ms, band width = 250 kHz, field of view = 1.92 × 1.92 cm, and matrix size = 128 × 128. The paradigm consisted of 10 dummy MRI scans to reach a steady state followed by two epochs of 20 baseline and 20 scans during forepaw electrical stimulation with or without illumination of eNpHR. The FMRIB Software Library (FSL) software was used for analysis (65) . Activation maps were obtained using the general linear model. Z statistic results were cluster-size thresholded for effective significance of P < 0.05. The activation threshold was set at 2.3. The number of activated pixels (P < 0.05) was calculated across three regions of interest representing S1 according to the coordinates from Paxinos and Watson (49).
Statistics. A two-tailed paired Student t test was performed between the different stimulation conditions using Matlab (Mathworks). Results and figures show the average ± SEM.
Immunohistochemistry. Immunostaining of EYFP, CaMKIIα, and DAPI was performed on 50-μm free-floating brain sections according to the method by Gradinaru et al. (30) . Confocal fluorescence images were acquired using a scanning laser Olympus BX61 microscope (Olympus). ImageJ software (National Institutes of Health) was used to count the cells within the right S1 granular zone (where illumination of eNpHR was performed) that were positively stained for DAPI, EYFP, and CaMKIIα. These cells were found across the cortical depth at laminae II-VI.
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